1. Introduction {#sec1}
===============

Fins or extended surfaces are used in heat exchanger design to enhance the heat transfer, typically in liquid/two-phase fluid to gas heat exchangers to address the low values of heat-transfer coefficient on the gas side. Condensation occurs on the finned surface in applications when the finned surface temperature is below the saturation temperature of the gas in contact with the finned surface. Examples are heat exchangers used in industry to condense steam and air conditioning and refrigeration applications where water vapor from the air condenses on the heat exchanger surface. Condensation occurs either as film condensation or dropwise condensation. In most applications the objective is to have a high heat transfer rate and from this standpoint of view, dropwise condensation is preferred since dropwise condensation can result in more than 10 times higher heat transfer rates. However, sustained dropwise condensation is difficult to achieve as a result of the tendency for the droplets to convert to film condensation after some time \[[@bib1]\]. The factors affecting condensation on finned surfaces include the geometry (shape) of the fins, the fin and surface material, and thermo-physical parameters. During condensation on finned surfaces heat and mass transfer take place simultaneously making the physics more complex. Studies focus on surface/droplet interactions and condensation \[[@bib2]\], performance of heat exchangers under dehumidification conditions \[[@bib3], [@bib4]\], and the influence of heat transfer surfaces on wettability \[[@bib5]\].

The presented study is an experimental investigation of a thermoelectric cooling heatsink used to dehumidify moist air under controlled, high relative humidity conditions. Studies have investigated the viability of using thermoelectric cooling to dehumidify or generate freshwater from the atmosphere. Milani et al. \[[@bib6]\] investigated the feasibility of using thermoelectric coolers (TECs) devices in the dehumidification process to condense water vapor from the atmosphere. They concluded that the potential economic viability of TEC dehumidification systems may be further optimized by using larger cooling surfaces of hydrophilic dropwise condensation advocate materials and that advances in TECs design and development could further enhance the efficiency and productivity of dehumidification using TECs. A study by Liu et al. \[[@bib7]\] was conducted with thermoelectric coolers (TECs). Liu et al. report that the TEC units reached steady state after 6--7 h and yielded an average of 11.2g water/hour with a power consumption of 52.3 W, using 2 TECs. They reported a maximum efficiency of 0.215 L/kWh. Vián et al. \[[@bib8]\] used a numerical model to optimize a thermoelectric dehumidifier. The numerical model results overpredicted the water condensate flow rate by 36% compared to their experimental results. Their final optimized prototype achieved 0.404 L/kWh. Joshi et al. \[[@bib9]\] experimentally investigated a portable thermoelectric fresh water generator using ten Peltier modules in a vertical array. The maximum efficiency of their prototype reached 0.178 L/kWh. Muñoz-García et al. \[[@bib10]\] investigated the use of Peltier elements to condense water from the atmosphere for young tree irrigation. They performed their experiments under realistic ambient conditions and therefore their maximum relative humidity reported was around 70% relative humidity. The resulting efficiency of their device is around 0.1 L/kWh under these conditions. Eslami et al. \[[@bib11]\] present a comprehensive thermodynamic analysis of water production from humid air using thermoelectric coolers (TECs). They report efficiencies ranging form 0.2--0.412 L/kWh for their optimized experimental system. Tan and Fok \[[@bib12]\] built and tested an experimental prototype to study the application of using a thermoelectric cooler (TEC) to extract water from air. Under 77% relative humidity condition their prototype achieved an efficiency of 0.187 L/kWh.

The presented study focuses on the influence of the TEC heatsink orientation on the water collection rate which have not been reported previously for TEC application for atmospheric water harvesting. Rotation and tilting of the heatsink were experimentally investigated. The collection rates are expressed in volume of water per energy, L/kWh.

2. Materials and methods {#sec2}
========================

The hot side heatsink chosen for this study is a typical cpu heatsink and fan combination, as shown in [Fig. 1](#fig1){ref-type="fig"}. This model uses a pulse-width modulated fan, 92 mm diameter, that is wired to run on maximum speed at all times (2,000 RPM) and has a rated power consumption of 2.64 W. The dimensions of the heatsink are 95 × 98 × 70 mm (W x L x H). The heatsink has 33 straight fins, a fin spacing of 1.6 mm at the base, fin thickness of 0.75 mm, and fin height of 35 mm. The Peltier element used for this study is rated at 12 V, 5.8 A, and has dimensions of 40 × 40 × 3.8 mm. Thermal paste, a 99.9% pure micronized silver paste designed to fill any gaps in the contact area between components, is used to provide a highly conductive bridge between the heatsink and Peltier element. The Peltier element is connected to a 13.8 V, 10 A DC power supply, and draws about 3 A when air-cooled. The heatsink fan is wired in parallel with the element.Fig. 1Heatsink and fan combination used for the heat rejecting side of Peltier element---hot side heatsink.Fig. 1

Four different surface configurations were used for the water condensate collection measurement experiments. Each was connected to the Peltier element\'s cold side:1.Plane aluminum plate: dimensions of 270 mm × 141 mm and a thickness of 3.18 mm.2.Polytetrafluoroethylene (PTFE) coated plane aluminum plate: dimensions of 270 mm × 141 mm and a thickness of 3.00 mm.3.Fanned aluminum plate: 101.6 mm wide, bottom plate 1 mm thick, top plate 0.65 mm thick, see [Fig. 2](#fig2){ref-type="fig"} for other dimensions.Fig. 2Fanned aluminum plate.Fig. 24.Aluminum heatsink, 76.75 × 76.75 × 69 mm (L x W x H), fin height 64 mm, 13 fins having a base thickness of 1.25 mm and tip thickness of 0.75 mm, 2 fins on each side with a base thickness of 2.25 mm and tip thickness of 1.50 mm; spacing between fins at base is 4 mm. See [Fig. 3](#fig3){ref-type="fig"} for a schematic of the thermoelectric cooler (TEC) assembly.Fig. 3(a) Schematic of assembly of TEC with aluminum heatsinks on hot and cold side (b) View on to cold side heatsink (bottom view - schematic).Fig. 3

The water condensate collection surfaces were placed facing an ultrasonic humidifier. The humidifier is set so that it provides enough moist air to simulate foggy conditions without condensation occurring on nearby non-cooled surfaces (near 100% relative humidity). Condensed water is drained into a collection container. At the end of each test, the temperature and humidity were measured, and the water in the collection container was transferred to a graduated cylinder and measured. The ambient temperature on the heat rejection side (hot heat sink) was controlled to be 19 °C ± 3 °C for all experiments. The water collected is compared to the consumed power measured using a watt meter to find the water per energy. The measurement uncertainty values for all experiments and the devices used to measure each quantity are shown in [Table 1](#tbl1){ref-type="table"} and [Table 2](#tbl2){ref-type="table"}.Table 1Measuring devices and uncertainties.Table 1RH (%)T (°C)H2O (ml)H2O (L)kWhUncertainty\<90%±2.50%±1±5±0.005±0.005\>90%±5.00%Measuring DeviceTemperature Humidity MeterGraduated CylinderWatt MeterTable 2Measuring devices and uncertainties for the tilted heatsink, tilted surface, and tilted heatsink timeline experiments.Table 2Angle (°)T (°C)Ts (°C)H2O (ml)kWhInterval (s)Uncertainty±2±1±1±5±0.0051Measuring DeviceProtractor and LevelThermometerGraduated CylinderWatt Meter

3. Results {#sec3}
==========

3.1. Surfaces comparison results and discussion {#sec3.1}
-----------------------------------------------

For this experiment, the surfaces tested were a plane aluminum plate, a PTFE coated plane aluminum plate, a fanned aluminum plate, and a finned aluminum heatsink. All surfaces are placed vertically and the moist air from the humidifier is directed horizontally at the surfaces. [Fig. 4](#fig4){ref-type="fig"} shows the orientation of the finned aluminum heatsink.Fig. 4Orientation of heatsink for surfaces comparison experiments; g denotes the action of gravity; Θ is the rotation angle; β is the tilting angle.Fig. 4

For the aluminum plate and PTFE plate experiments the surface is wiped clear with a rubber wiper every hour, denoted as "cleared" hereafter. Tests where the surface is left untouched are denoted as "uncleared." [Table 3](#tbl3){ref-type="table"} and [Fig. 5](#fig5){ref-type="fig"} show the average collection rate of the tested surfaces in L/kWh. [Fig. 6](#fig6){ref-type="fig"} shows a comparison of the surface areas of the different surface configurations investigated.Table 3Average Collection rates for uncleared and cleared experiments of surfaces: aluminum plate, PTFE plate, fanned plate, and heatsink.Table 3Aluminum PlateAverage L/kWhUncertainty (±L/kWh)Uncleared0.0580.009Cleared0.0670.012PTFE PlateUncleared0.0740.006Cleared0.0870.009Fanned PlateUncleared0.1030.013HeatsinkUncleared0.1230.009Fig. 5Average Collection rates for uncleared and cleared experiments of surfaces: aluminum plate, PTFE plate, fanned plate, and heatsink.Fig. 5Fig. 6Comparison of surface areas.Fig. 6

[Fig. 5](#fig5){ref-type="fig"} shows a steady increase in the collection rates across the tested surfaces. The increase from the aluminum plate, to the fanned plate, to the heatsink as the surface areas increase is to be expected. However, when compared to [Fig. 6](#fig6){ref-type="fig"}, the collection rates do not increase at the same rate as the surface areas. This shows that the sizing of the heatsink seems to be appropriate for the used Peltier element being used. This is supported by the visual observation of the aluminum plate, PTFE plate, and fanned plate experiments, where the condensation occurred around the center of the Peltier element, and waned towards the edges of the collection surface.

The PTFE plate shows a 28%/30% (uncleared/cleared) higher collection rate than the aluminum plate, despite having the same surface area. The hydrophobic PTFE coating causes the condensate to bead up much more than on the aluminum plate, resulting in more dropwise condensation. A comparison of the surfaces during condensation is shown below in [Fig. 7](#fig7){ref-type="fig"}. Clearing the surfaces of the PTFE and aluminum plates results in a 16% increase in collection rate for the aluminum plate and 18% for the PTFE plate.Fig. 7PTFE plate (left) and aluminum plate (right) surface comparison during condensation.Fig. 7

3.2. Rotated and tilted heatsink experiments {#sec3.2}
--------------------------------------------

The objective of the presented experiments is to determine the effect of the fin orientation on the water collection rate. Two orientations with seven different angles each have been investigated as shown in [Fig. 8](#fig8){ref-type="fig"} and [Fig. 9](#fig9){ref-type="fig"}.Fig. 8Rotated heatsink experiments.Fig. 8Fig. 9Tilted heatsink experiments.Fig. 9

3.3. Rotated heatsink results and discussion {#sec3.3}
--------------------------------------------

The average collection rates for the different angles tested in the rotated heatsink experiment are presented in [Table 4](#tbl4){ref-type="table"} and [Fig. 10](#fig10){ref-type="fig"}.Table 4Average collection rates for the rotated heatsink experiments.Table 4Angle (°)Average L/kWhUncertainty (±L/kWh)Average kWh/m^3^Uncertainty (±kWh/m^3^)00.1320.01875771026150.1570.0186364724300.1770.0185652571450.2130.0184696394600.2490.0184020289750.2340.018428032790 (9 h)0.2030.018493843690 (24 h)0.1270.01878791110Fig. 10Average collection rates for the rotated heatsink experiments.Fig. 10

The results in [Fig. 10](#fig10){ref-type="fig"} show a maximum collection rate for the rotated heatsink at an angle of 60°. This is unexpected because one might assume that a vertical fin arrangement (0°) results in the best drainage of condensed water because gravity assists the drainage of water from the fins. For the given heatsink, a vertical orientation is found to be the worst in terms of water collection rate. Starting at 45°, condensate bridging between fins is observed. The amount of water bridging between fins increases as the angle increases. At 90° (horizontal), the entire space between fins eventually fills with water. This is shown in Figs. [11](#fig11){ref-type="fig"}, [12](#fig12){ref-type="fig"}, [13](#fig13){ref-type="fig"}, and [14](#fig14){ref-type="fig"}.Fig. 11Rotated heatsink at 45° angle.Fig. 11Fig. 12Rotated heatsink at 60° angle.Fig. 12Fig. 13Rotated heatsink at 75° angle.Fig. 13Fig. 14Rotated heatsink at 90° angle.Fig. 14

Note that [Fig. 10](#fig10){ref-type="fig"} has two columns for the 90° angle, one with a 9-hour test duration and one with a 24-hour test duration. The 9-hour test has a much higher collection rate because during the test the heatsink never reached maximum capacity (when the spaces between the fins are completely filled), and all of the water collected during the test was held by the heatsink for the entire test duration. In other words, nearly all the water collected was collected at the end of the test when the heatsink was drained for measuring. The 24-hour test has a lower collection rate because the heatsink did reach maximum capacity at the 10-hour mark when it started collecting at approximately 0.026 L/kWh. Still, the vast majority of the water was collected by draining the heatsink at the end of the test. This shows that the horizontal orientation is highly inefficient over long periods of time, but effective over the short periods, assuming the condensate is then removed. More importantly, it suggests that reaching capacity, or too much bridging, is detrimental to the collection rate.

3.4. Tilted heatsink results and discussion {#sec3.4}
-------------------------------------------

The average collection rates for the different angles tested in the tilted heatsink experiment are presented in [Table 5](#tbl5){ref-type="table"} and [Fig. 15](#fig15){ref-type="fig"}.Table 5Average collection rates for the tilted heatsink experiments.Table 5Angle (°)Average L/kWhUncertainty (±L/kWh)Average kWh/m^3^Uncertainty (±kWh/m^3^)00.1350.0187429987150.1550.0186471748300.1800.0185561553450.1950.0185122469600.2100.0184755404750.2210.018451936590 (24 h)0.1300.01877091062Fig. 15Average collection rates for the heatsink tilted at 0°, 15°, 30°, 45°, 60°, 75°, and 90°.Fig. 15

The maximum collection rate for the tilted heatsink occurs at an angle of 75°. The trend---increasing collection rate with increasing angle---is similar to the rotated heatsink results. For angles of 0°, 15°, and 30° the collection rates differ by less than 3% between the rotated and tilted heatsink experiments. Slightly higher values for the collection rate are observed for the rotated heatsink at 45°, 60° and 75°, but only the collection rate at 60° shows a difference of more than 10%, 19% higher for the rotated case. Condensate bridging between fins was observed to start at 60° ([Fig. 16](#fig16){ref-type="fig"}), increasing in severity as the tilt angle increases ([Fig. 17](#fig17){ref-type="fig"}). At 90° (horizontal), all but a small passage through the center of the heatsink fills, restricting the airflow through the heatsink, until eventually the passage filled up as well, which the 24 h test showed ([Fig. 18](#fig18){ref-type="fig"}).Fig. 16Tilted heatsink condensate bridging at 60°.Fig. 16Fig. 17Tilted heatsink condensate bridging at 75°.Fig. 17Fig. 18Tilted heatsink condensate bridging at 90° after 24 h.Fig. 18

The 24-hour test of the tilted heatsink at 90° confirmed what was observed for the rotated heatsink experiment at 90°. The collection rates are identical within the measurement uncertainty (less than 3% difference) and this is expected since the physical orientation between both experiments is the same.

3.5. Flat plate tilted heatsink results and discussion {#sec3.5}
------------------------------------------------------

The purpose of the flat plate tilted experiment is to determine the effect of surface orientation on a single-side collection surface in isolation. The results are then compared to the tilted heatsink experiments to determine if the results observed are simply a combination of the effects of an upward and downward facing surface, or if some other effect, such as bridging, has any significant impact. The polytetrafluoroethylene (PTFE) coated plane aluminum plate was used. [Fig. 19](#fig19){ref-type="fig"} shows the orientation of the flat plate at angles of 15° and 165°.Fig. 19Orientation of flat plate tilted heatsink experiments: (a) Angle of 15°, (b) Angle of 165°.Fig. 19

The surface is tilted such that the condensation surface is upward facing at a 15° angle from the horizontal, and then rotated down in 15° increments for each test until an angle of 165° is reached. Angles closer to the horizontal, 0°--15°, are omitted for this experiment due to difficulties managing accurate condensate collection. Angles from 165° to 180° are also omitted because the condensate no longer runs down the pan surface consistently, and instead drips from the pan over a wide area. [Table 6](#tbl6){ref-type="table"} and [Fig. 20](#fig20){ref-type="fig"} show the average collection rates for the different angles tested in this experiment.Table 6Average collection rates for the flat plate PTFE surface tilted from 15° to 165° in 15° intervals.Table 6Angle (°)Average L/kWhUncertainty (±)Average kWh/m^3^Uncertainty (±)150.3190.0123134113300.2390.0124192202450.2130.0124704255600.1800.0125562356750.1360.0127339620900.1250.01279727321050.1100.01291109551200.1000.0121002411571350.1000.012995811411500.0710.0121398822521650.0550.012182173820Fig. 20Average collection rates for the flat plate PTFE surface tilted from 15° to 165° in 15° intervals.Fig. 20

As shown in [Fig. 20](#fig20){ref-type="fig"}, the data has a maximum water collection rate occurring at 15° and steadily declining to a minimum water collection rate at 165°. The decline as a function of tilt angle can be explained by the flow that is created by a cold natural convection surface. While the surface is tilted upward, the cold humid air wants to cling to the surface, providing more time for condensation, while when it is tilted down, the cold humid air wants to fall away from the surface.

[Fig. 21](#fig21){ref-type="fig"} compares the results from the tilted heatsink experiment to the results of the tilted surface angles combined to create the same angle as the heatsink. For example, the 30° tilt on the heatsink (with each fin having two sides) is paired with a combination of the 60° and 120° angles---two single sides representing the upward and downward facing sides of the heatsink fin. Because of the difference in surface area, the water collection rates are represented as a percentage increase from the collection rate at the vertical position for each respective experiment. For the tilted surface experiment, the two angles' percent increases were individually calculated, then averaged to find an estimated combined effect to compare to the double-sided fin of the heatsink.Fig. 21Percentage of vertical collection of the tilted heatsink and associated combined angles of the tilted surface experiments, from 0° to 75° from the vertical.Fig. 21

The results show a difference in percent increase, but a similar trend between the tilted heatsink and flat surface combination between 0° and 45°, suggesting that the surface combination is a reasonable approximation of the fin for these angles. At 60° the percent difference between the two increases. At 60° condensate bridging between the fins started to occur in the tilted heatsink experiment, which cannot occur in the tilted surface experiment. At 75°, the difference is less, possibly indicating that bridging has less of an effect on the water collection rate at this angle. These results lend credence to the hypothesis that some amount of bridging increases the water collection rate presented in the tilted heatsink results. However, the evidence is not conclusive based on the given experimental data and further research into the effect of bridging is necessary.

It should be noted that the combined surface representation is an approximation of the heatsink fin. A possible reason for the discrepancy between the heatsink and surface combination values shown is that the heatsink fins share one source of heat transfer between both sides of the fin, while the combined surfaces each have one source. Meaning that for the combined surfaces, each side removes an equal amount of heat.

4. Conclusion {#sec4}
=============

Based on the conducted surface experiments at a vertical orientation, the PTFE coated plate showed up to a 30% higher water collection rate compared to the uncoated flat plate having the same surface area because of improved dropwise condensation as a result of the hydrophobic surface. Clearing the surfaces---i.e., removing all condensate every hour---increased the water collection rate up to 18% for the flat plates. Increasing the surface area by 64% using the fanned plate increases the collection rate by 78% compared to the uncoated flat plate (uncleared). The finned heatsink has a 288% larger surface area than the flat plates and the collection rate increased by 112% compared to the uncoated flat plate (uncleared) and 66% compared to the PTFE coated flat plate (uncleared).

The finned heatsink and the PTFE coated flat plate were used for the orientation experiments. The finned heatsink was rotated from 0° to 90° as well as tilted from 0° to 90° (vertical to horizontal). The maximum collection rate for the rotated heatsink is found at an angle of 60°. Starting at a minimum of 45° condensate bridging between fins was observed. The amount of water bridging between fins increases as the angle increases. At 90° (horizontal), the entire space between fins eventually fills with water. The two extended time experiments show that once the spaces between the fins are filled with water the water collection rate drops significantly---by an order of magnitude, from 0.203 L/kWh to 0.026 L/kWh. This result indicates that the horizontal orientation is highly inefficient over long periods of time.

The maximum water collection rate for the tilted heatsink is found at an angle of 75°. The trend---increasing collection rate with increasing angle---is similar to the rotated heatsink results. For angles of 0°, 15°, and 30° the water collection rates differ by less than 3% between the rotated and tilted heatsink experiments. Slightly higher values for the water collection rate are observed for the rotated heatsink at 45°, 60° and 75°, but only the water collection rate at 60° shows a difference of more than 10%--19%. Condensate bridging between fins was observed to start at 60° and the amount of water bridging between fins increases as the angle increases. At 90° (horizontal), the entire space between fins eventually fills with water confirming the results of the rotated heatsink at 90° since the two orientations are identical.

The PTFE coated flat plate tilted experiments confirm the trend observed from the tilted heatsink between 0° and 45° showing an increase in collection rate with increase in tilt angle. However, at 60° there is a departure between the two because condensate bridging between the fins started to occur in the tilted heatsink experiment. Given that the tilted surface experiment does not experience bridging, the difference between the two experiments indicate that some amount of bridging increases the water collection rate presented in the tilted heatsink results.

It should be noted that the objective of this study was to investigate the effect of heatsink orientation on water condensate collection rate and therefore the absolute values reported in this study do not necessarily indicate the highest achievable values, i.e. with further optimization the absolute values will most likely be higher.

Future research should consider the orientation of heatsinks as well as surface coating when trying to optimize thermoelectric cooling for atmospheric water condensation.
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